Amino acid starvation in Escherichia coli activates the enzymatic activity of the stringent factor 13
Introduction 31
Bacteria have numerous mechanisms for sensing and adapting to stressful conditions, such as nutrient 32
limitations. The stringent response is a near-ubiquitous bacterial stress response which is mediated by 33 accumulation of two hyper-phosphorylated derivatives of GTP and GDP: guanosine pentaphosphate 34 (pppGpp) and guanosine tetraphosphate (ppGpp), collectively referred to as (p)ppGpp (Hauryliuk et 35 al., 2015) . The stringent response and (p)ppGpp have important roles in the regulation of bacterial 36 virulence, survival during host invasion, and antibiotic resistance (Dalebroux et al., 2010; Dalebroux 37 and Swanson, 2012; Hauryliuk et al., 2015) . is comprised of four domains: Thr-tRNA synthetase, GTPase and SpoT domain (TGS domain); 46 helical domain; zing finger domain (ZFD); and the RNA recognition motif (RRM). RelA is the best 47 studied of all of the RSH representatives and its regulation is the focus of this study. 48
While RelA has no detectable hydrolytic activity (Shyp et al., 2012) , it possesses a strong ribosome-49 dependent (p)ppGpp synthetic activity that is activated by deacylated tRNA in the ribosomal A-site -50 ribosomal 'starved' complexes (Haseltine and Block, 1973) . In the absence of the starved ribosomal 51 complexes, RelA displays a very low (p)ppGpp synthetic activity that is not stimulated by deacylated Here, we provide evidence that E. coli RelA is predominantly regulated through intramolecular 70
(autoinhibition of the NTD by the CTD in cis) rather than intermolecular (dimerization, 71 autoinhibition in trans) interactions. 72 2 Materials and Methods 73
Bacterial strains, plasmids and growth conditions 74
The strains and plasmids used in this study are listed in Table 1 . Oligonucleotides used in this study 75 are provided in Supplementary Table 1 . For growth assays in Luria-Bertani (LB, BD Difco -Fisher 76 Scientific) medium or on LB agar, the relevant strains were grown overnight in LB medium 77 supplemented with antibiotic selection. For growth assays on SMG (Serine, Methionine and Glycine) 78
plates (Uzan and Danchin, 1978) , the strains were grown overnight in M9-glucose minimal medium 79 3 (1 x M9 salts, 1 µg µl -1 thiamine, 1 mM MgCl2, 0.1 mM CaCl, pH 7.4; 10 x M9 salts: 80 g Na2HPO4, 80 30 g KH2PO4, 5 g NaCl per 1 L) supplemented with antibiotics for plasmid selection. The SMG 81 plates were made by supplementing M9-glucose minimal medium with 0.7% agarose, 100 g/ml of 82
Serine, Methionine and Glycine and appropriate antibiotic selection. Expression from LacI-regulated 83 promoters on solid or in liquid media was induced by the addition of 1 mM of IPTG. Bacterial 84 cultures were routinely grown overnight at 37 °C, and plates were incubated at 37 °C for 18 h. 30 85 μg/ml ampicillin was used to select for low copy number plasmid pNDM220 and its derivatives, and 86 100 μg/ml ampicillin was used to select for the high copy number plasmid pMG25 and its 87 derivatives. Growth assays present in figure panels originate from a single plate that were brought 88 together, where applicable, this is indicated by a gap. All growth curves were performed in flasks, 89 grown at 37 °C, with shaking at 160 rpm, unless otherwise indicated. 90
(p)ppGpp measurements by Thin Layer Chromatography (TLC) 91
To determine the (p)ppGpp levels in cells we modified the method from (Cashel, 1994; Tian et al., 92 2016) . In brief, overnight cultures were diluted 100-fold in 5 ml of MOPS glucose minimal medium 93 supplemented with all five nucleobases (10 µg/ml of each, Sigma Alderich) and incubated at 37 °C 94 with shaking. All of the strains had similar growth rates in this medium. At an optical density at 600 95 nm (OD600) of 0.5, cells were diluted 10-fold to an OD600 of 0.05 and were left to grow with 96
shaking at 37 °C with H3 32 PO4 (100 µCi/ml). When looking at the effect of RelA CTD expressed from 97 the low copy number plasmid ( Figure 2C and Supplementary Figure 4 ), 1 mM IPTG was also added 98 at this point. The cells were then grown for 2 generations (OD600 0.2) before amino acid starvation 99 was induced by the addition of either 500 μg/ml valine (Sigma Aldrich) or 400 μg/ml serine 100 hydroxamate (Sigma Aldrich). Whereas, due to its inhibitory effect on growth, RelA CTD was 101 expressed from the high copy number plasmid for 30 min after the cells were grown for 2 102 generations (OD600 0.2). Subsequently, amino acid starvation was induced by the addition of valine 103 ( Figure 1C ). Fifty-microliter samples were withdrawn before and at various times (see figures) after 104 the induction of amino acid starvation. With the induction of RelA and RelA RRM ( Figure 3C ), after 105 labelling of cells for 2 generations, 1 mM IPTG was added and 50 μl samples were taken at -2, 10, 106 30, and 60 min. The reactions were stopped by the addition of 10 μl of ice-cold 2 M formic acid. A 107 10 μl aliquot of each reaction mixture was loaded on polyethyleneimine (PEI) cellulose thin-layer 108 chromatography (TLC) plates (GE Healthcare) and separated by chromatography in 1.5 M potassium 109 phosphate at pH 3.4. The TLC plates were revealed by phosphorimaging (GE Healthcare) and 110 analysed using ImageQuant software (GE Healthcare). The increase in the level of (p)ppGpp was 111 normalized to the basal level (time zero) for each strain. 112 Every 15 minutes growth measured by taking the optical density (OD600), and the fluorescence was 119 read from the bottom at 485 nm excitation and the 520 nm emission wavelengths ( Figure 3 ). 120
Monitoring translation efficiency

Western blotting 121
For the detection of overproduced RelA and RelA RRM the appropriate plasmid was induced as 122 described in the text and samples taken at the indicated time points (Figure 4 ). At each time point, 123
1ml samples were taken and the cells were harvested by centrifugation at 4 °C. Subsequently, the cell 124 pellet was resuspended in an appropriate volume of 1x LDS loading buffer (Life Technologies) and 125 boiled for 5 min. 20 μl of the samples was then resolved on a 4-12% NuPAGE gel (Life 126 Technologies). Subsequently, the proteins were transferred using a semi-dry blotting apparatus 127
(Hoefer Scientific Instruments) to a PVDF membrane (Amersham) and incubated with the primary 128 antibody in PBS with 0.1% Tween-20 and 5% milk powder. The primary antibodies used in this 129 study were raised in rabbit against a peptide sequence from the ZFD of RelA ( and loaded with 10 ml of 100 mM Zn(OAc)2, pH 5.0. The column was then washed with four column 146 volumes of deionized water and pre-equilibrated with four column volumes of binding buffer (25 147 mM Hepes pH 7.6, 320 mM NaCl, 10 mM imidazole, 5 mM MgCl2, 4 mM BME, 10% glycerol). 148
Clarified cell lysate (≈50 ml) was applied on the column at the flow rate 5 ml/minute. Then the 149 column was washed with binding buffer (2.5 column volumes) and the protein was eluted with six 150 column volumes of 0-100% gradient of elution buffer (binding buffer with 500 mM imidazole) and 2 151 ml fractions were collected into 96 deep well plates (Omega Bio-tek). The collected fractions were 152 run on SDS-PAGE gel and the fractions corresponding to His10-SUMO-RelA with the least nucleic 153 acid contamination was collected (5 ml, highlighted in Figure 5A ; corresponding SDS PAGE 154 analysis is shown on Figure 5D ). These fractions were applied to Hiprep 10/26 desalting column pre-155 equilibrated with the storage buffer (25 mM Hepes pH 7.6, 720 mM KCl, 50 mM arginine, 50 mM 156 glutamic acid, 10 mM imidazole, 5 mM MgCl2, 4 mM BME, 10% glycerol) ( Figure 5B ). The peak 157 was collected and concentrated to the volume not bigger than 5 ml using Amicon centrifugal filters 158 with 50 kDa cut-off. His6-UlpI SUMO protease (Protein Expertise Platform (PEP), Umeå University) 159 was added to the protein solution to a final concentration of 1.3 μM and incubated for 15 minutes at 160 room temperature in order to cleave off His10-SUMO tag and the protein solution was applied on 161
HisTrap 1 HP (GE Healthcare) loaded with Zn 2+ and pre-equilibrated with storage buffer. The flow-162 through was collected and concentrated using Amicon concentrators with 50 kDa cut-off ( Figure 5C ). 163
The concentrated protein was aliquoted per 20-30 μl, flash frozen in liquid nitrogen and stored at -164 80 o C. The purity of RelA preparations was assessed by SDS-PAGE ( Figure 5D ) and 165 spectrophotometrically (OD260/OD280 ratio below 0.8 corresponding to less than 5% RNA 166 contamination (Layne, 1957)). 167
ppGpp synthesis assay 168
All experiments were performed at 37 o C in HEPES:Polymix buffer, pH 7.6, with 5 mM Mg was preincubated for 3 minutes at 37 o C and then the reaction was started by adding pre-warmed 175 ATP to a final concentration of 1.5 mM. During the time course of the reaction 5 μl aliquots of the 176 reaction mixture was quenched with 4 μl of 70% formic acid supplemented with 4 mM GTP and 177 GDP (for UV shadowing). Time points were centrifuged for 5 minutes at 14,000 rpm, the supernatant 178 was resolved on PEI-TLC (Macherey-Nagel) in 0.5 KH2PO4 buffer (pH 3.5) and the spots 179 corresponding to [ 3 H]GDP and [ 3 H]ppGpp were cut out and quantified by scintillation in 5 ml of 180
ScintiSafe scintillation cocktail (Fisher Scientific). 181 3
Results 182
High-level ectopic expression of Rel CTD is inhibitory to growth independently of 183 endogenous RelA 184
To test the functionality of RelA-mediated stringent response we utilised the so-called SMG test 185
(minimal medium plates supplemented with serine, methionine, and glycine plates). Growth of E. our hands, overexpression of mutant variants of RelA CTD still inhibits the growth of wt cells on SMG 205
( Figure 1B) . Therefore, high levels of RelA CTD , with or without the mutated conserved residues, 206
impair the functionality of RelA-mediated stringent response. 207
To test whether the observed effect of RelA CTD overexpression on the stringent response is solely 208 mediated by inactivation of endogenous RelA or via other mechanism(s) of growth inhibition, we 209 investigated the effect of RelA CTD expression in wt as well as relA backgrounds in both rich liquid 210 and solid medium under unstarved conditions where functional RelA is not required. Surprisingly, 211 6 upon induction of RelA CTD , the growth rate is reduced identically in the wt and relA backgrounds, 212 both in liquid and solid media indicative of the RelA-independent mechanism of growth inhibition 213 ( Figure 1D , Supplementary Figure 1A ). Additionally, high expression levels of RelA CTD bearing 214 C612G, D637R, and C638F mutations are also inhibitory to growth in unstarved conditions 215
( Supplementary Figure 2A) , further reinforcing the idea growth inhibition being independent of the 216 functionality of the endogenous RelA and the stringent response. 217
Low-level ectopic expression of Rel CTD does not affect the activation of endogenous full-218
length RelA 219
Since high-level ectopic expression of RelA CTD was inhibitory to growth independently of 220 endogenous RelA ( Figure 1D ), no conclusions could be drawn with regard to its effect on the 221 regulation of RelA. Ectopic expression of RelA CTD from a high copy number plasmid results in 222 accumulation of high levels of the recombinant protein in the cell (Supplementary Figure 1B) . Next, we repeated the experiments presented in the section 3.1 using ectopic expression of RelA CTD 236 from the low copy number R1 plasmid (pNDM220::relA CTD , PA1/O4/O3 promoter). As seen from 237 Figure 2A , lower levels of RelA CTD are not inhibitory to growth under unstarved conditions on LB 238 agar. Likewise, at such expression levels, RelA CTD does not affect the growth of starved wt cells on 239 SMG plates ( Figure 2B ) or the out growth in SMG media (Supplementary Figure 5B ), suggesting 240 that native RelA in these conditions is still active. We then tested the profile of the of RelA mediated 241 response upon amino acid starvation by measuring (p)ppGpp produced in the cell. As evident from 242 the SMG plate assays ( Figure 2B ), low levels of RelA CTD do not abrogate the functionality of 243 endogenous RelA upon induction of the stringent response by addition of either valine that causes 244 amino acid starvation in K12-based E. coli strains (Leavitt and Umbarger, 1962) ( Figure 2C ) or 245 serine hydroxamate (SHX), the competitive inhibitor of seryl-tRNA synthetase (Tosa and Pizer, 246 1971) ( Supplementary Figure 4) . Furthermore, in case additional domains other than the CTD are 247 required, we wanted to explore the possibility of dimerization of full-length RelA enzyme. We 248 hypothesised that if RelA is capable of dimerization, that endogenous expression of a catalytically 249
inactive RelA mutant would bind and titrate out the native, catalytically active RelA, shifting the 250 equilibrium away from free and active RelA in the cell, thus impairing the response to amino acid 251 starvation. In order to test this theory, we repeated the above experiments with the inactive RelA 252 G251E mutant, RelA* (pNDM220::relA*). As seen from Supplementary Figure 5 , low-level 253 expression of RelA* does not affect growth on SMG plate or media, and does not affect the 254 activation of endogenous RelA upon induction of amino acid starvation. Taken together, our data 255
indicate that the activation of RelA is not predominantly regulated through intermolecular 256 interactions. 257
High-level ectopic expression of RelA CTD impairs translation 258
The above data obtained using low expression vector suggests that RelA CTD does not inhibit RelA 259 activation by forming dimers. However, the question remained as to why high levels of RelA CTD are 260 inhibitory to growth ( Figure 1D ). All recent studies have unanimously showed that the CTD is 3B). Ectopic expression of RelA CTD in mid-exponentially growing cells results in slower rather than 280 total arrest of growth ( Figure 3A ), but the levels of fluorescence, as in the case of expression of the 281 full-length RelA, do not increase suggesting translation is impaired ( Figure 3B ). Next, to test whether 282 the presence of the NTD could regulate the inhibitory effect of the CTD, we checked the effect of 283 expression of full-length catalytically inactive G251E mutant, RelA* ( Supplementary Figure 3) . As 284 seen from Figure 3A , high-level expression of RelA* is inhibitory to growth, but to a lesser extent 285 than RelA CTD . Moreover, the levels of fluorescence gradually increased upon expression of RelA* 286 indicating continuous decrease of translational efficiency in these cells. Notably, the inhibitory effect 287
of RelA CTD and RelA* in the cell is more pronounced when overnight cultures were back diluted to a 288 lower optical density and allowed more time to accumulate the expressed product, suggesting that the 289 inhibition of growth is dose-dependent (Supplementary Figure 2B) . Taken together, these results 290
suggest that RelA CTD is inhibitory to growth as translation is impaired upon expression. RelA* is less 291 toxic to growth and the presence of the NTD appears to moderate the toxic effect of the CTD. 292
The RRM domain is crucial for regulation of RelA's enzymatic activity 293
The data presented above are suggestive of RelA being primely regulated, not via dimerization (in 294 trans), but intramolecularly (in cis). To probe the autoregulatory roles of the individual domains, we 295 systematically removed domains of the regulatory CTD region and tested the effects of their 296 expression on growth ( Figure 4A , Supplementry Figure 6A ). Low-level expression of full-length 297
RelA from pNDM220 in wt cells, was slightly inhibitory to growth ( Figure 4A ). Figure 6C) . Surprisingly, 303 expression of RelA lacking the RRM domain (RelA RRM , Figure 1A ), resulted in a more severe 304 reduction of the growth rate than wild type RelA or the constitutively active RelA NTD , as observed by 305 a comparatively smaller colony size and an increased doubling time of 86 minutes ( Figure 4A , 306
Supplementry Figure 6C ). Western blot analysis showed that upon expression, RelA RRM has similar 307 abundance as RelA in the cells ( Figure 4C ). Thus, showing that the RRM domain is essential for the 308 regulation of the (p)ppGpp synthetic activity of RelA. 309
To test if the growth inhibition by RelA RRM is mediated via over-production of (p)ppGpp, we 310 repeated the plate assay described above using RelA and RelA RRM variants harbouring the G251E 311 mutation that abrogates RelA's catalytic activity (Gropp et al., 2001). As seen in Figure 4B , the 312 inhibition of growth is indeed dependent on the synthetic activity of RelA and RelA RRM . To further 313 substantiate this hypothesis, we directly measured the levels of (p)ppGpp upon expression of RelA 314
and RelA RRM in exponentially growing wt cells. Expression of RelA resulted in a gradual increase in 315 the (p)ppGpp levels over time, and, consistent with a stronger growth inhibition (compare Figures 4A  316 and B, Supplementry Figure 6C ) the accumulation of the alarmone was more pronounced in the case 317
of RelA RRM ( Figure 4D ). Taken together, our results collectively suggest that the RRM domain is 318 crucial for preventing uncontrolled (p)ppGpp production by RelA. 319
Synthetic activity of native untagged RelA is not inhibited by increasing enzyme 320
concentrations 321
The concentration of RelA in E. coli is in the range of 50-100 nM ( it was essential to purify the protein from nucleic acid contamination that is observed by monitoring 333 both 260 nm and 280 nm UV traces during the IMAC purification step ( Figure 5A ). Therefore, we 334 pooled only the fractions containing RelA with the lowest amounts of nucleic acid contamination, 335
indicated by a yellow box in Figure 5A and D, rather than collecting the factions that contained the 336 highest concentration of the protein as judged by absorbance at 280 nm and SDS PAGE analysis. 337
Following a buffer exchange ( Figure 5B) , the His10-SUMO tag was cleaved by the addition of Ulp1, 338 resulting in native untagged RelA (84 kDa), which was separated from the uncut version as well as 339
the His10-SUMO tag by IMAC ( Figure 5C ). The purity of the protein preparation was checked by 340 SDS-PAGE ( Figure 5E ), and importantly spectrophotometrically, giving the OD260/OD280 ratio of 0.8 341 corresponding to less than 5% RNA contamination (Layne, 1957) . 342
We tested the synthetic activity of RelA in the range of concentrations from 25 to 400 nM, in the 343 presence or absence of 0.6 μM 70S ribosomes ( Figure 6 ). The enzymatic activity is largely 344 insensitive to RelA concentration, suggesting that RelA is not regulated via through intermolecular 345 interactions (dimerization). 346
4
Discussion 347
In this report, we provide evidence that the catalytic activity of the E. coli stringent factor RelA, is 348 unlikely to be regulated through oligomerization in the cell, as it was previously suggested (Gropp et  349 accumulation upon amino acid starvation, resulting in a relaxed phenotype (Figure 1 B and C) ). This 365 interpretation is further substantiated by an earlier report demonstrating that RelA CTD is ribosome-366
bound (Yang and Ishiguro, 2001) . Conversely, at low expression levels, that are more similar to that 367 of the endogenous full-length RelA, expression of neither RelA CTD nor catalytically-inactive G251E 368 mutant RelA* compromises the response of wt MG1655 E. coli cells to acute amino acid starvation 369
( Figure 2C and Supplementary Figure 4) . We interpret this more physiologically-relevant experiment 370
to mean that neither of the constructs can drive the formation of catalytically-inactive hetero-dimers 371 with native endogenous full-length RelA. Finally, our biochemical experiments using untagged full-372
length RelA fail to detect reduction in the ppGpp synthetic activity upon increase in enzyme's 373 concentration that is expected to drive the formation of inactive dimers ( Figure 6 ). In addition to characterising the intact RelA regulatory CTD region, we have examined a C-382 terminally truncated RelA variant lacking the RRM domain (RelA RRM ). Surprisingly, in the cell, the 383 (p)ppGpp synthetic activity of the enzyme is unregulated in the absence of the RRM domain ( Figure  384 4). Importantly, ectopic expression of RelA RRM , is more inhibitory to growth than that of well-385 characterised constitutively active RelA NTD (Schreiber et al., 1991; Svitil et al., 1993; Gropp et al., 386 2001) . A possible explanation is that while RelA NTD is highly unstable and decays with a half-life of 387 only a few minutes (Schreiber et al., 1991) , the stability of RelA RRM is similar to full-length RelA, 388
i.e. half-life of more than two hours (Schreiber et al., 1991) . Therefore, more efficient inhibition of 389 growth by RelA RRM is likely is a compound effect of, first, de-regulation of the enzyme leading to 390 uncontrolled (p)ppGpp production similarly to RelA NTD , and second, relatively high stability of the 391 protein product. Curiously, while Francisella tularensis RelA naturally lacks the RRM domain 392 coli MG1655 carrying pNDM220 (vector) or pNDM220::relA CTD upon valine-induced isoleucine 579 starvation. The curves represent the average fold increase for three independent measurements, and 580 the error bars represent standard errors. The levels of (p)ppGpp were normalized to the pre-starved 581 level for each strain at -2 minutes. See experimental procedures for more details. coli MG1655 cells harbouring the CII-YFP plasmid were back-diluted to OD600 0.05, before the 586 expression of relA, catalytically-inactive G251E mutant relA*, or relA CTD from high copy vector 587 pMG25 was induced by addition of 1 mM IPTG (indicated by the arrow). (A) Growth, measured at 588 600 nm (OD600) and (B) the fluorescence of YFP, measured at 520 nm was monitored every 15 589 minutes for 11 h. See materials and methods for more details. 590 cells were transformed with low copy IPTG inducible vector, pNDM220 (vector), pNDM220::relA, 593 pNDM220::relA*, pNDM220::relA RRM , pNDM220::relA RRM *, or pNDM220::relA NTD . Ten-fold 594 serial dilutions of overnight LB cultures were made and spotted onto LB agar (LBA) supplemented 595 with 30 μg/ml ampicillin and 1 mM IPTG. Loading controls are presented in Supplementary Figure  596 6B. (C) E. coli MG1655relA transformed with pNDM220::relA or pNDM220::relA RRM were 597 grown at 37 °C to OD600 0.5, before 1 mM IPTG was added for plasmid induction. Samples were 598 withdrawn at the mentioned times (minutes after induction) and western blotting was performed as 599 described in the experimental procedures. (D) E. coli MG1655 carrying pNDM220 (vector), 600 pNDM220::relA, or pNDM220::relA RRM were grown exponentially in MOPS minimal medium with 601 30 μg/ml ampicillin before1 mM IPTG was added, for plasmid induction at time 0 minutes. The 602 curves represent the average fold increase of (p)ppGpp for two independent measurements and the 603 error bars represent standard errors. The levels of (p)ppGpp were normalized to the pre-starved level 604 (-2 minutes) for each strain. 
